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Abstract Benthic (streambed) bioﬁlms metabolize a substantial fraction of particulate organic matter
and nutrient inputs to streams. These microbial communities comprise a signiﬁcant proportion of overall
biomass in headwater streams, and they present a primary control on the transformation and export of
labile organic carbon. Bioﬁlm growth has been linked to enhanced ﬁne particle deposition and retention, a
feedback that confers a distinct advantage for the acquisition and utilization of energy sources. We
quantiﬁed the inﬂuence of bioﬁlm structure on ﬁne particle deposition and resuspension in experimental
stream mesocosms. Bioﬁlms were grown in identical 3 m recirculating ﬂumes over periods of 18–47 days to
obtain a range of bioﬁlm characteristics. Fluorescent, 8 mm particles were introduced to each ﬂume, and
their concentrations in the water column were monitored over a 30 min period. We measured particle
concentrations using a ﬂow cytometer and mesoscale (10 mm to 1 cm) bioﬁlm structure using optical
coherence tomography. Particle deposition-resuspension dynamics were determined by ﬁtting results to a
stochastic mobile-immobile model, which showed that retention timescales for particles within the
bioﬁlm-covered streambeds followed a power-law residence time distribution. Particle retention times
increased with bioﬁlm areal coverage, bioﬁlm roughness, and mean bioﬁlm height. Our ﬁndings suggest
that bioﬁlm structural parameters are key predictors of particle retention in streams and rivers.
1. Introduction
The streambed is a highly reactive habitat of stream ecosystems. Here, biogeochemical transformations
are largely driven by sediment-attached and matrix-enclosed microbial communities, called bioﬁlms
[Jones and Mulholland, 1999; Fellows et al., 2006; Battin et al., 2008; Battin et al., 2016]. Bioﬁlms control criti-
cal ecosystem processes, provide entry for organic carbon into the stream food web, and inﬂuence the
amount and lability of carbon exported downstream [Battin et al., 2008; Tank et al., 2010; Battin et al.,
2016]. Abiotic features of streams (e.g., ﬂow, streambed topography) are traditionally used to parameter-
ize in-stream transport models, while bioﬁlms are generally assumed to control only the transformation of
reactive constituents (e.g., organic carbon and nutrients). However, there is growing experimental evi-
dence that shows benthic bioﬁlms modify water ﬂow [Nikora, 2010; Marion et al., 2014] and nutrient
retention [Battin et al., 2003; Bottacin-Busolin et al., 2009; Aubeneau et al., 2016] close to the streambed.
This feedback may have implications for carbon ﬂuxes in stream networks, since reactions largely occur at
the sediment-water interface [Jones and Mulholland, 1999; McClain et al., 2003; Boano et al., 2014]. Bioﬁlm-
transport interactions are, therefore, critical but missing components of upscaled reactive transport mod-
els in streams.
Fine particulate organic matter (FPOM, <10 mm) are important sources of energy in streams and rivers [Rich-
ardson et al., 2013]. Such particles derive from leaf litter and woody debris and from dissolved organic mat-
ter (DOM) that is adsorbed to soil and mineral particles. In streams, extracellular enzymes expressed by
microbial heterotrophs in bioﬁlms hydrolyze FPOM into its dissolved constituents, which then can be taken
up and metabolized [Richardson et al., 2013]. Factors such as enzyme concentration, particle size, and the
degree of organo-mineral complexation can reduce reaction efﬁciency [Dimock and Morgenroth, 2006;
Hunter et al., 2016]. FPOM can be remobilized before they are completely degraded, illustrating the
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dependence of FPOM metabolism on particle delivery and retention at the streambed and its bioﬁlms [Bat-
tin et al., 2003; Allan and Castillo, 2007].
Particles deposit and resuspend episodically as they move through streams [Cushing et al., 1993; New-
bold et al., 2005; Harvey et al., 2012; Boano et al., 2014; Drummond et al., 2014a]. In a well-mixed stream,
particle deposition can be described by a ﬁrst-order removal rate, which is generally reported as a depo-
sition velocity, vdep [McNair and Newbold, 2012]. This velocity typically exceeds the gravitational settling
velocity predicted by Stokes’ Law for small (<160 mm) particles [Thomas et al., 2001]. Particle resuspen-
sion is governed by a number of processes, resulting in a wide distribution of particle retention times.
Turbulent eddies resuspend particles on the order of seconds by generating intermittent shear stresses
at the streambed [Ninto and Garcia, 1996; Ni~no et al., 2003; Soldati and Marchioli, 2009]. Long-term reten-
tion (hours to months) is attributed to a combination of biological trapping and deeper sequestration
within the stream sediments [Newbold et al., 2005; Arnon et al., 2010; Harvey et al., 2012; Drummond
et al., 2014b].
Fluvial transport models have evolved to accommodate the wide range of particle residence times in
streambeds. Drummond et al. [2014a] extended a continuous time random walk model, developed for sol-
utes [Boano et al., 2007], and showed that particle residence time distributions (RTDs) follow a power law in
streambeds. This mobile-immobile model conceptualizes particle transport as a series of discrete displace-
ments and waits, which are stochastically represented as displacement-length and wait-time probability dis-
tributions. Because it assumes no prespeciﬁed RTD, the mobile-immobile model allows for parameterization
of particle transport with distributions based on physical, independently veriﬁable processes. This allows
deposition and resuspension to be parsed more explicitly than prior models, which have either lumped the
two processes or parameterized exchange as an idealized transfer of mass between the stream and well-
mixed storage zones [Cushing et al., 1993; Paul and Hall, 2002; Newbold et al., 2005]. Separation of deposition
and resuspension dynamics is a crucial step to improving particle transport models, since these two pro-
cesses are governed by different mechanisms [Boano et al., 2014; Aubeneau et al., 2015]. In situ observations
of deposition and resuspension events remains an experimental challenge. Consequently, particle deposi-
tion and resuspension parameters are typically estimated from ﬁts to in-stream particle concentrations and
constrained by physical process models or independent observations, such as particle retention in sedi-
ments [Drummond et al., 2014a, 2014b].
Bioﬁlms can substantially alter local environmental conditions on and within the streambed [Battin et al.,
2016]. The bioﬁlm extracellular polysaccharide matrix is a sticky substance that increases particle trap-
ping, potentially retaining particles until the microbial community is remobilized by dispersal or scour
[Lock and Williams, 1981; Sutherland, 2001; Boule^treau et al., 2006; Vignaga et al., 2013; Marion et al., 2014].
Bioﬁlms can also contain long, ﬁlamentous structures called streamers that extend into the turbulent
boundary layer [Stoodley et al., 1999; Besemer et al., 2009], and their oscillations interact with the external
ﬂow ﬁeld [Taherzadeh et al., 2012]. Mature bioﬁlms are porous systems with highly variable topography
[Stoodley et al., 2002; Battin et al., 2003]. These contributions to highly heterogeneous bioﬁlm structure
modify streambed roughness, which modulates turbulence intensity and solute transport near the
streambed [Larned et al., 2004; Nikora, 2010; Larned et al., 2011]. In turn, the modiﬁed ﬂow ﬁeld is
expected to enhance particle deposition, since particle settling is more likely in a region of low turbulence
[Bouwer, 1987; Drury et al., 1993b; Battin et al., 2003].
Flow-bioﬁlm interactions are expected to occur predominantly at vertical scales between 100 mm and
10 cm [Nikora et al., 1998, 2002; Larned et al., 2004, 2011], which coincides with the scales of bioﬁlm struc-
tural heterogeneity [Morgenroth and Milferstedt, 2009]. Nonetheless, few experiments have analyzed the
inﬂuence of bioﬁlm structure on ﬁne particle dynamics across this range of scales, limiting our under-
standing of which mechanisms control this biophysical feedback. In this study, we simultaneously quanti-
ﬁed the mesoscale (10 mm to 1 cm) physical structure of benthic bioﬁlms and suspended tracer particle
concentrations in stream mesocosms. We ﬁt the measured particle concentrations to a stochastic mobile-
immobile model, allowing us to assess the inﬂuence of bioﬁlm structure on particle deposition and resus-
pension dynamics. We hypothesized that benthic bioﬁlms, differing in physical structure and overall
streambed coverage, would differentially affect the deposition rate and resuspension probability of ﬁne
particles.
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2. Materials and Methods
2.1. Mesocosm Setup
The study consisted of 12 individual experiments. For each experiment, we constructed a recirculating
ﬂume with a 300 cm L 3 5 cm W 3 12 cm H test section. The ﬂume was gravity fed by a 1 L header tank
and ﬂowed into a 1 L efﬂuent tank. We used an Eheim compact 1000 aquarium pump (Eheim GmbH & Co.
KH, Deizisau, Germany), located at the bottom of the efﬂuent tank, to recirculate water to the header tank.
The two tanks were connected with 1.25 cm diameter vinyl tubing. The ﬂume slope was adjusted to achieve
a uniform water column depth across the entire test section (slope5 0.005). We lined the test section with
5 cm L 3 5 cm W 3 1 cm H ceramic tiles, which were acid washed and precombusted at 4508C for 8 h to
remove organic matter. The ﬂume setup is shown in Figure 1, and photographs are provided in supporting
information.
Each experiment consisted of a bioﬁlm growth period, followed by a 30 min period where we injected trac-
er particles and monitored their concentration in the water column. For the duration of the experiment, we
recirculated water from an oligotrophic alpine lake (Lunzer See, Austria). The bioﬁlm growth period ranged
from 0 to 47 days across experiments, which allowed for the development of bioﬁlms with a range of struc-
tural properties. During the growth period we replaced ﬂume water every second day to ensure adequate
carbon and nutrients were available for microbial growth. We replaced water by ﬁrst draining a small vol-
ume of water from the efﬂuent tank. We then added an equivalent volume of replacement water to the
efﬂuent tank. These steps were repeated until one ﬂume volume (approximately 3 L) was added. Flumes
were located indoors and operated under 12 h light:dark cycles. A benthic bioﬁlm formed on the tiles dur-
ing this period.
2.2. Flume Hydrodynamics
At the end of the growth period we measured stream depth and ﬂow rate. Flow rate was measured by
diverting the return ﬂow to a 1 L graduated cylinder and measuring ﬁlling time. We calculated mean ﬂume
velocity U5 Q=dw, where U is the mean ﬂume velocity (cm/s), Q is the ﬂow rate (cm3/s), d is the water col-
umn depth (cm), and w is the ﬂume width (cm). Stream Reynolds number is reported as Re54URh=m, where
m is the kinematic viscosity of water (cm2/s). The Froude number is deﬁned as Fr5 U=
ﬃﬃﬃﬃﬃ
gd
p
, where g is the
gravitational constant (9.81 m2/s). Shear velocity, u (cm/s), was calculated using the Colebrook-White equa-
tion for free-surface ﬂow (see supporting information).
2.3. Fine Particle Release and Monitoring
We immediately released a pulse of ﬁne ﬂuorescent tracer particles (EcoTrace, ETS Worldwide Ltd., Helen-
sburgh Scotland) at the end of the growth period. Tracer particles were stained with rhodamine dye. Mean
particle diameter was 8.46 7.0 mm and mean particle volume was 25.46 18.6 mm3 as measured on an Eye-
Tech particle size (Ankersmid, Eindhoven, Netherlands), and their speciﬁc gravity was 2.65. Estimated parti-
cle settling velocity was 0.044 mm/s, calculated from Stokes’ Law. Particles were suspended in 50 mL of a
1 g/L sodium tetraborate solution (dissolved in deionized water) to prevent aggregation. This yielded a slug
with 12.4 g/L particle concentration. We agitated this suspension for 30 s and immediately injected it into
Figure 1. Mesocosm setup.
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the ﬂume header tank (Figure 1). We then monitored particle concentrations in the water column for 30
min following injection. During this time, we collected water column samples using standard 2 mL tubes
inserted into the water column at the ﬂume outlet (before ﬂume water mixed with efﬂuent tank water). We
initially collected samples at 5 s intervals and gradually decreased the sample rate over the course of the 30
min monitoring period (5 s intervals from 0 to 2 min; 1 min/2–5 min; 5 min/5–30 min). Samples were imme-
diately refrigerated until particle analysis.
We quantiﬁed particle concentrations with a Cell Lab Quanta ﬂow cytometer (Beckman Coulter Inc., Brea,
CA, USA). Brieﬂy, water samples were mixed for 60 s using a vortex mixer. Five hundred microliters of sam-
ple water was then drawn into the ﬂow cytometer’s ﬂow cell at a rate of rate of 60 mL min21 for between 2
and 5 min (automated duration based on concentration). Particle concentrations were quantiﬁed by mea-
suring ﬂuorescence in the green and orange spectra using the Cell Lab Quanta SC software package. Con-
centrations were normalized against background autoﬂuorescence of the ﬂume water and veriﬁed against
detection limits of the instrument, following procedures described in Drummond et al. [2014a, 2014b]. We
smoothed each concentration time series using a standard moving-window averaging function in Matlab
(R2015b, Mathworks Inc., USA), as described in supporting information.
Along with the particles, we coinjected a NaCl solution (50 mL, 100 mS/cm) as a conservative tracer, which
we measured as electrical conductivity in the ﬂume efﬂuent tank (WTW Cond 3210, Xylem Inc., Weilheim,
Germany). This solute pulse was detectible for 3–4 ﬂume recirculations before fully mixing with the water
column. We determined ﬂume recirculation time, tr , deﬁned as the mean time between successive peaks of
the recirculating solute pulse, and the volume of recirculating water in the ﬂume, Vf , via the observed dilu-
tion of the solute tracer under well-mixed conditions.
2.4. Biofilm Physical Structure
At the conclusion of the 30 min particle release and monitoring period, we stopped the ﬂow and randomly
removed three tiles located at least 15 cm (three tiles) from the ﬂume inlet and outlet sections. Tiles were
carefully transferred to petri dishes. Dishes were slowly ﬁlled with deionized water until the tile surface was
submerged below 1–2 mm of water. We imaged three random but nonoverlapping locations on each tile,
resulting in 9 (1 cm 3 1 cm) scan areas for each experiment. The bioﬁlm-covered tiles were imaged with a
spectral-domain optical coherence tomography (OCT) microscope (Ganymede, ThorLabs, Newton, NJ, USA),
which measures scattered and back-reﬂected light from an illuminated volume of the sample [Huang et al.,
1991; Xi et al., 2006; Wagner et al., 2010]. The microscope records 2-D image slices in the x-z plane (10 mm
pixels) at 10 mm intervals in the transverse (y) direction. Note that the particles were smaller than the pixel
size and thus could not be resolved individually. Output ﬁles were TIFF stacks of 2-D greyscale images in
the x-z plane. These ﬁles were postprocessed using Fiji (ImageJ platform 1.47h) [Schindelin et al., 2012;
Schneider et al., 2012] and Matlab (R2015b). We manually straightened each image to assure bioﬁlms were
consistently measured from the base of the tile. We cropped the image stacks to minimize variability in light
intensity, resulting in an average usable scan area of 3.8 cm2 per experiment. Lastly, we binarized each
image to distinguish bioﬁlms from the water column. A full description of the postprocessing procedure is
provided in supporting information.
We calculated several bioﬁlm structural parameters from the OCT data to evaluate their inﬂuence on parti-
cle deposition and resuspension. Mean height measures the average overall height above the tile. We
deﬁne roughness as the mean magnitude of variations in bioﬁlm height, jH2H j. Areal coverage is deﬁned
as the fraction of tile surface area occupied by bioﬁlm at least 10 mm thick, which is the smallest length scale
we could resolve. For this calculation, we assume a unit spacing in the transverse (y) direction equal to the
distance between scans (10 mm). All image analysis was performed using 2-D images, and 3-D composite
images are provided for illustrative purposes only.
2.5. Stochastic Model for Fine Particle Deposition/Resuspension in Biofilms
We adapted the mobile-immobile model for particle transport in streams [Boano et al., 2007; Drummond
et al., 2014a] to quantify ﬁne particle dynamics in the recirculating ﬂumes. The model assumes a partitioning
of particles between a mobile and an immobile domain, considered to represent the water column and the
streambed, respectively. Particle deposition events are mathematically represented as a transfer of particles
from the mobile to the immobile domain, while particle resuspension is considered a transfer from the
Water Resources Research 10.1002/2016WR019041
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immobile domain to the mobile domain. Particle concentrations are assumed to be spatially uniform in the
water column.
A full model derivation is provided in supporting information. In brief, the concentration C tð Þ of particles in
a well-mixed water column is described by the following mass balance:
dC tð Þ
dt
Vf5 2Ndep tð Þ1Nres tð Þ (1)
where Vf is the volume of water in the recirculating ﬂume and Ndep tð Þ and Nres tð Þ denote the rate of parti-
cle deposition and resuspension, respectively (t21). Ndep tð Þ is a ﬁrst-order boundary ﬂux to the stream-
bed, governed by a rate constant, K (t21) [Drummond et al., 2014a]. Note that this rate is a depth-
normalized deposition velocity, K5vdep=d, where vdep is the deposition velocity typically reported in ﬁeld
studies [Thomas et al., 2001; Newbold et al., 2005]. Following mobile-immobile stochastic theory [Schumer
et al., 2003], we assume Nres tð Þ depends on the number of particles in the immobile zone at time t, as
well as on the time each particle has remained immobile since it deposited, t2s, where s is the time of
immobilization. These residence times are described by a probability distribution, u tð Þ, which quantiﬁes
the probability a particle that has entered the immobile domain at time zero will return to the mobile
domain at time t. Substitution of these expressions into equation (1) yields an integro-differential
equation:
dC tð Þ
dt
5
KdAb
Vf
2C tð Þ1
ðt
0
C sð Þu t2sð Þds
 
(2)
where K is the rate of particle immobilization (deﬁned previously) and Ab is the area of the streambed. An
algebraic solution for this expression can be derived after it is transformed to the Laplace domain
(~f uð Þ5 Ð10 e2utf tð Þdt):
~C uð Þ5 C0
u1 KdAbVf 12~u uð Þð Þ
(3)
where ~C uð Þ is the Laplace-transformed concentration, C0 is the initial particle concentration in the water
column, u is the Laplace variable, and ~u uð Þ is the Laplace transformed resuspension time probability dis-
tribution. We assume u tð Þ takes the form of a power-law distribution (u tð Þ  t2 11bð Þ; 0 < b < 1Þ, where
b is the power-law slope [Berkowitz et al., 2006]. Here decreasing values of b decrease the power-law
slope, which increases the probability that a particle will be retained for very long times. The Laplace-
transformed expression for u tð Þ was inserted into equation (3) to give the analytical solution for ~C uð Þ:
This expression was inverse transformed to the time domain using a modiﬁed version of the CTRW MAT-
LAB Toolbox (see supporting information [de Hoog et al., 1982; Cortis and Berkowitz, 2005; Aubeneau et al.,
2015]), yielding a concentration time series for a ﬁxed value of K and b. Note that this time series repre-
sents the Green’s function solution, which represents the system response to a pulse of well-mixed par-
ticles entering the mobile domain at t50. This solution can be convolved with a known source function
(e.g., a constant or time-variable inﬂux of particles) to predict a system response to more complex initial
conditions.
This form of the mobile-immobile model requires a spatially uniform concentration in the water column,
meaning particles are well mixed in all directions. For this reason, we only ﬁt the model to concentrations
measured after the injected pulse of particles was fully mixed with the ﬂume water. We assume particles
are fully mixed after the concentration peak is no longer detectable in the sample time series. The initial
particle concentration, C0, was determined by extrapolating the smoothed time series to time t50: Parti-
cle concentrations can be treated as uniform in the vertical direction for very low values of the Rouse
number (p5vg=ju , where p is the dimensionless Rouse number; vg is the particle settling velocity; j is
Von Karman’s coefﬁcient, 0.4; and u is the shear velocity) [Anderson and Anderson, 2010]. To compare
model outputs to experimental results, we normalize particle concentration by C0 and normalize time by
recirculation time, tr .
We used the Maximum Likelihood Estimation method [Montgomery and Runger, 2010] to ﬁnd values of K
and b that best ﬁt the concentration time series for each experiment. Details of the ﬁtting procedure are
Water Resources Research 10.1002/2016WR019041
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presented in supporting information. All
mobile-immobile modeling and MLE ﬁtting
steps were executed in Matlab (R2015b).
2.6. Correlations Between Model
Parameters and Biofilm Structure
We used linear regression to quantify correla-
tions between bioﬁlm structural parameters
and model ﬁts for K and b across all experi-
ments. Higher-order models were explored
but did not substantially improve ﬁts (results
not shown). Model selection and validation
were achieved by minimizing the Akaike Information Criterion (AIC) for each model [Akaike, 1974]. Statistical
analysis was carried out in R [R Development Core Team, 2009].
3. Results
3.1. Flume Hydrodynamics
Average ﬂow conditions are presented in Table 1. Flows did not vary considerably in time or between
experiments. Stream depth varied by less than 1 mm across the entire ﬂume test section for all experiments.
The Rouse number was on the order of 1023 to 1022, which supports our assumption of spatially uniform
particle concentrations in the vertical direction [Rouse, 1939].
3.2. Biofilm Growth
OCT analysis revealed that bioﬁlm growth started from individual microcolonies (day 18 of experiment) that
coalesced through two-dimensional and three-dimensional proliferation. An extensive network of void
spaces (pores) was visible in bioﬁlms older than 30 days. Isolated streamers developed rather sparsely (1–3
per meter of streambed). Streamers were roughly 1 cm in length and extended through the depth of the
water column (Figure 2e).
Results from all experiments are plotted in Figures 2a–2c, which show trends in structural parameters for
bioﬁlms of different ages. Mean bioﬁlm height, bioﬁlm roughness, and tile coverage increased rapidly
between days 30 and 40. The streambed was nearly fully covered (80–99%) for bioﬁlms older than 40 days.
Mean bioﬁlm height increased to a maximum between 140 and 160 mm, accounting for  2.5% of water
column depth. Bioﬁlm roughness reached a maximum of 86 mm by day 42.
3.3. Particle Dynamics and Model Fits
The pulse of particles mixed fully with the water column after 2–5 ﬂume recirculations (0.8–2.3 min) in each
experiment, indicated by the disappearance of the recirculating concentration peak (Figure 3). Water col-
umn concentrations then declined steadily throughout the remainder of the 30 min monitoring period for
each experiment. Particle deposition was visible on the face of tiles. In experiments with no bioﬁlm growth,
we observed some trapping of particles under and between tiles. We found no particle accumulation below
tiles in all other experiments, as the bioﬁlms quickly covered the surface and clogged interstices between
tiles.
Water column particle concentrations from each experiment were ﬁt to the mobile-immobile model, as
described in section 2. Example model ﬁts are presented in Figure 4 for illustration. Best-ﬁt parameter values
for all experiments are provided in Table 2.
3.4. Correlation of Biofilm Structure and Mobile-Immobile Model Parameters
We found a negative correlation of bioﬁlm age with the power-law slope of the resuspension RTD, b, dem-
onstrating a signiﬁcant increase in particle retention times for older communities (R25 0.58, p< 0.01). Bio-
ﬁlm age did not inﬂuence deposition rate, K, (R25 0.02, p5 0.62). Measured ﬂow parameters did not
correlate with K (R2< 0.05, p> 0.50 for all parameters in Table 1).
Linear regression results are provided in Table 3 for each bioﬁlm structural parameter. All parameters were
positively correlated with decreasing values of b, meaning they increased particle retention times. We chose
Table 1. Average Hydrodynamic Conditions Across All 14 Experiments
Slope 0.005
d (cm) 0.86 0.1
Q (cm3/s) 1106 13
U (cm/s) 256 4
tr (s) 256 2
t0 (s) 756 27
Re 63006 900
Fr 0.876 0.20
Rouse no., p (6.86 1.3) 3 1023
u (cm/s) 1.76 0.3
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surface coverage as the most robust predictor of b for several reasons: (1) it provided the best goodness of
ﬁt and lowest AIC value, (2) coverage values spanned the entire range of possible values, and (3) data points
were the least clustered for this parameter. The regression equation was (Figure 5):
b50:6120:20  Coverage
R25 0:49; p5 0:011
  (4)
Bioﬁlm structure did not inﬂuence particle deposition rate in the ﬂumes (R25 0.00, p 0.92). Values for K
ranged between 0.16 and 0.88 s21. These rates equate to deposition velocities of 1.9–8.0 mm/s, which are
Figure 2. (a–c) Bioﬁlm structural parameters measured from each experiment. (d) Processed OCT images for bioﬁlms of different ages. Bio-
ﬁlm age (top-bottom) is 18, 28, and 42 days, respectively. Scale bars are 500 mm for all images. Initial bioﬁlm microcolonies eventually coa-
lesced into a continuous canopy, resulting in near 100% coverage. (e, top) Processed OCT images illustrating the three-dimensional
structure of a streamer; the thin plane at the top of the image is a surface reﬂection from water in the sample container. (e, bottom) Sur-
face topography of a 42 day bioﬁlm. Basal dimensions for the image are 9 mm (along page)3 6.3 mm (into page). Mean bioﬁlm height is
115 mm, and max height is 450 mm.
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403–1803 greater than the gravitational settling velocity (0.044 mm/s). Therefore, particle deposition was
unaffected by settling. Although preferential deposition was observed behind isolated streamers, these
structures only sparsely populated the ﬂumes. Thus, they likely played a minor role in overall deposition.
We present cumulative residence time distributions to illustrate the relationship between b and particle
retention (Figure 6). The plotted distributions are derived directly from model ﬁts to b for each experi-
ment (see supporting information), and they show the probability that a deposited particle will resuspend
after a speciﬁed time, for a given value of b. We assume that resuspension probabilities are nonzero over
a ﬁnite interval of times, with a minimum of 1/Kmax  1 s, where Kmax is the upper limit of the calculated
values for K (0.88 s21). The maximum residence time is assumed to be 7 months, which corresponds to
retention times observed for virus-sized particles in wetland mesocosms [Flood and Ashbolt, 2000]. The
chosen values of b correspond to measured values at distinct periods of bioﬁlm growth: a bare surface
(0% coverage, b50:72Þ; an 18 day bioﬁlm (23% coverage, b50:57) and a 47 day bioﬁlm (90% coverage,
b50:46). For low resuspension probabilities (<0.8), an increase in bioﬁlm coverage results in a marginal
increase in retention time (Figure 6a). This time difference grows substantially for resuspension probabili-
ties approaching 1, which reﬂects the increased likelihood of very long retention times. For example, a
Figure 3. Particle concentrations following a pulse release for the experiment with 28 day bioﬁlm. Bioﬁlm is shown in the middle image of
Figure 2d. Dotted lines show sample standard deviation for the measured particle concentrations. (a) Concentrations shortly after the pulse
release (linear scale). (b) Concentrations over the entire deposition period (log scale).
Figure 4. (a) Model ﬁts of long-term particle concentrations for a streambed with no bioﬁlm and (b) for a streambed with a 47 day bioﬁlm.
C0 equals the initial particle concentration. tr is the ﬂume recirculation time. Data and error bars show the mean and standard deviation of
triplicate concentration measurements, respectively.
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particle will resuspend with 99.9% probability in 0.17 days for a bare surface versus 17 days for a bed with
90% coverage (Figure 6b).
4. Discussion
Reach-scale particle transport integrates multiple deposition and resuspension events. The relative frequen-
cies of these events determine the balance of ﬁne particle sequestration and export downstream. Thus, the
different mechanisms that govern deposition and resuspension must be independently parameterized in
ﬂuvial transport models. Using a stochastic mobile-immobile model, we found that ﬁne particle residence
times on a bioﬁlm-covered impermeable streambed followed a heavy-tailed power-law distribution
(Figure 4). A similar result was found by Drummond et al. [2014a] for ﬁne particles transported in natural
streams, in which the authors attributed long-term particle retention to a combination of surface-
subsurface (hyporheic) exchange, reversible ﬁltration by sediments, and trapping by bioﬁlms. Our results
show that bioﬁlm trapping alone results in a heavy-tailed power-law residence time distribution (RTD).
The power-law slope, b, correlated with mean bioﬁlm height, roughness, and the fraction of the bed cov-
ered by bioﬁlm (Table 3). Both physical trapping in bioﬁlm pore spaces and electrostatic bioﬁlm-particle
interactions have been hypothesized to control particle interactions with the bioﬁlm matrix. Early laboratory
studies showed strong correlations between ﬁne particle retention and bioﬁlm thickness, suggesting that
trapping within void spaces was most important [Drury et al., 1993a; Okabe et al., 1997]. However, particle
trapping has also been observed in nascent (2 mm thick) bioﬁlms that were too thin to contain pores large
enough for particles [Drury et al., 1993b]. This ﬁnding and others have pointed to particle adhesion to bio-
ﬁlms as an alternative control on particle retention [Xu et al., 2005; Morales et al., 2007]. Bioﬁlm extracellular
polymeric substances are typically heterogeneous at the micrometer scale, allowing for varied steric and
electrostatic interactions between the bioﬁlm and particle surfaces that favor adhesion [Bouwer, 1987; Suth-
erland, 2001; Searcy et al., 2006; Flemming and Wingender, 2010].
The structural parameters reported in this study cannot be used to distinguish between physical trapping
and particle adhesion to the bioﬁlm, since we could not fully resolve pore structure across the thickness of
mature bioﬁlms or distinguish particles within the bioﬁlm matrix. Nonetheless, we highlight the potential
for bioﬁlm surface coverage to be used as an integrated predictor of ﬁne particle retention in streams and
Table 2. Measured Parameters and Mobile-Immobile Model Fits
Exp. No.
Days
Growth Coverage
Mean
Height H (mm)
Roughness
H2H (mm) d (cm) Q (cm3/s) U (cm/s) Re Fr p (3 1023) K b
1 0.0 0.00 0.01 0.0 0.70 116 33 7300 1.26 5.7 0.46 0.61
2 0.0 0.00 0.01 0.0 0.85 116 27 6900 0.95 6.2 0.26 0.72
3 18.1 0.16 3.88 6.5 0.80 109 27 6600 0.97 6.2 0.41 0.65
4 18.2 0.16 3.83 6.5 0.85 115 27 6800 0.93 6.3 0.46 0.44
5 18.4 0.23 7.61 11.8 0.80 112 28 6800 1.00 6.0 0.52 0.57
6 25.1 0.17 5.18 8.6 0.80 99 25 6000 0.88 6.7 0.88 0.60
7 25.3 0.17 6.07 10.0 0.85 101 24 6100 0.83 7.0 0.61 0.59
8 28.2 0.49 19.63 21.6 0.85 111 26 6600 0.90 6.4 0.16 0.49
9 33.5 0.30 24.17 35.2 0.95 75 16 4400 0.52 10.0 0.21 0.43
10 42.0 0.94 158.98 86.4 0.95 118 25 6800 0.81 6.4 0.23 0.42
11 46.8 0.79 108.29 85.9 0.10 88 18 5000 0.56 8.9 0.80 0.48
12 46.8 0.90 155.11 84.8 0.95 117 25 6800 0.81 6.4 0.49 0.46
Table 3. Linear Regression Results Between Model Parameters and Bioﬁlm Structural Parametersa
Model Parameter Structural Parameter Effect R2 p-Value d.f. AIC
b Coverage 1 0.49 0.01 10 224.74
Mean height, H 1 0.36 0.04 10 222.05
Roughness, H2H 1 0.45 0.02 10 223.87
K Coverage N/A 0.00 0.92 10
Mean height, H N/A 0.00 0.96 10
Roughness, H2H N/A 0.00 0.92 10
aA positive (1) effect indicates that increasing values of the structural parameter increased particle retention/deposition.
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rivers, since it may be possible to estimate
this parameter without the aid of sophisticat-
ed microscopic techniques (e.g., hand-held
photography, surface inspection). Bioﬁlm
coverage may, therefore, be a suitable com-
plement to other local observations that are
used to parameterize solute and ﬁne particle
RTDs in upscaled, predictive stream models
[Boano et al., 2007; Stonedahl et al., 2012;
Drummond et al., 2014a; Aubeneau et al.,
2015]. For example, Drummond et al. [2014a,
2014b] performed sediment column ﬁltra-
tion experiments on 6 cm bed sediment
cores to determine ﬁne particle RTDs in
hyporheic sediments of a lowland stream.
They then used these results to parameterize
a mobile-immobile model that accurately
described particle transport and retention in
a 221 m stream reach. This approach worked
well because hyporheic ﬁltration was the
dominant control on particle deposition in
the study reach. Bioﬁlms are expected to
increase ﬁne particle retention both in the
hyporheic zone and on the bed surface [Tho-
mas et al., 2001; Morales et al., 2007; Arnon et al., 2010]. The results presented here provide a basis to include
the effects of bioﬁlm coverage and growth directly onto bioﬁlm-covered portions of the streambed, as well
as the effects of bioﬁlm coatings of hyporheic sediments, on particle transport. Bioﬁlm growth should then
be considered as a secondary modiﬁcation to the primary retention RTDs [Margolin et al., 2003], parameter-
ized via experiments with bioﬁlms grown on the relevant substratum or with in situ observations of particle
retention in bioﬁlms.
We found no signiﬁcant correlation between bioﬁlm structure and particle deposition rate, K, which was
unexpected. Model ﬁts for K were sensitive to concentrations at early times, which were highly variable.
Estimates for K were, therefore, less robust than estimates for b, which were determined by concentrations
Figure 6. Cumulative resuspension time distributions for three measured values of power-law slope, b. A decrease in b increases the time
required for a particle to reach a speciﬁc probability of resuspension. Distributions are similar at early times but differ substantially as resus-
pension probability approaches 1. (a) Distributions from 0 to 3 min. (b) Distributions from 0 to 30 days.
Figure 5. Linear regression ﬁt showing relationship between power-law
slope, b, and bioﬁlm coverage. Solid line represents the best ﬁt line (equa-
tion provided in plot), and dashed lines are 95% conﬁdence intervals.
Results for all parameters are reported in Table 3.
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at late times. Early-time removal depends on primary delivery and deposition of particles to the benthic bio-
ﬁlm. The inﬂuence of bioﬁlm canopies on particle deposition merits further investigation, as bioﬁlm structure
is known to inﬂuence near-bed hydrodynamics (Figure 7). The ﬂow ﬁeld near the streambed is highly altered
by bioﬁlm patches, producing complex, three-dimensional ﬂow patterns [Costerton et al., 1995]. Particles are
advected around and into the bioﬁlm before colliding with the bioﬁlm matrix [Birjiniuk et al., 2014]. Positive
correlations have been found between particle deposition and bioﬁlm thickness [Drury et al., 1993b], rough-
ness [Searcy et al., 2006; DiCesare et al., 2012], and sinuosity [Battin et al., 2003]. However, a deﬁnitive mecha-
nistic understanding of structure-deposition interactions requires substantial technological improvements to
simultaneously resolve bioﬁlm pore structure, the three-dimensional ﬂow structure around bioﬁlms, and ﬁne
particle deposition and resuspension under turbulent conditions [Weiss et al., 2013].
The correlation between bioﬁlm coverage and b, quantiﬁed by equation (4), provides a functional relationship
between the structure of streambed bioﬁlms and RTDs for ﬁne particles immobilized at the streambed. This
relationship highlights one of the numerous process interactions between bioﬁlm-covered streambeds and
ﬁne particles. Additional feedbacks recognized in engineered and natural systems are particle size relative to
bioﬁlm pore size [Okabe et al., 1998; Arnon et al., 2010], water chemistry [Searcy et al., 2006; Morales et al.,
2007], bioﬁlm modiﬁcation of subsurface ﬂowpaths [Battin and Sengschmitt, 1999; Cuthbert et al., 2010; Aube-
neau et al., 2016], ﬂow regime [Okabe et al., 1997; Okabe et al., 1998], and complex bioﬁlm responses from
interspecies interactions and environmental cues [Battin et al., 2016; Flemming et al., 2016]. Future research
efforts should address the relative roles of these process interactions in controlling ﬁne particle dynamics.
The small-scale feedbacks between bioﬁlms and ﬁne particles are a subset of the full range of feedbacks gov-
erning particle transport in streams. For example, the deposition dynamics modeled in the current study
assume well-mixed particle concentrations in the water column, a condition that can vary over the meter scale
in reaches with multiple geomorphological units (e.g., pool-rifﬂe sequences). Particle ﬂuxes are also coupled
to terrestrial factors such as hillslope, vegetation type, and land use [Gomi et al., 2002; Tank et al., 2010], which
can create kilometer-scale correlations with stream inputs. Fluxes are driven by high ﬂow events, whose tim-
ing and intensity not only inﬂuence FPOM supply and retention [Fisher and Likens, 1973; Newbold et al., 1997;
Harvey et al., 2012; Karwan and Saiers, 2012], but also control microbial community lifecycles by scouring and
reconﬁguring the streambed [Power and Stewart, 1987; Biggs, 1995; Gomi et al., 2002]. However, as bioﬁlms
modify near-bed ﬂows [Nikora et al., 2002; Larned et al., 2011] and stabilize sediments over their growth cycle,
they create time-dependent feedbacks that can extend to these scales [Vignaga et al., 2013].
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Figure 7. Conceptual diagram of mechanisms governing ﬁne particle dynamics for a bioﬁlm-covered streambed. Particle-bioﬁlm interactions occur
from scales ranging from bioﬁlm pores (1 mm) to the depth of the stream (1 m).
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Multiscale feedbacks present a challenge for the application of transport models to streams. Uniform,
steady-state models can accommodate spatial and temporal variability if a sufﬁcient separation of scales
exists [Nikora, 2010; Marion et al., 2014]. Such models average over small-scale heterogeneities and are
applied at scales much smaller than large geomorphic features or hydrologic events. Their validity thus
depends on the intensity of feedbacks occurring across these scales. Our results contribute to a growing lit-
erature that suggests bioﬁlm growth alters ﬁne particle retention across a wide range of timescales [Flood
and Ashbolt, 2000; Thomas et al., 2001; Drummond et al., 2014b]. These scales overlap with the timescales of
hydrologic variability, which compromises the implicit assumption of stationarity in steady state transport
models.
Scale interdependencies in ﬂuvial ecosystems remain extremely difﬁcult to characterize. Most experimental
and ﬁeld observations are restricted to a narrow range of spatial and temporal scales, which constrains our
understanding of the predominant interactions beyond them. Future research efforts can address these lim-
itations in three ways. First, the small-scale process interactions that control particle transport at the
sediment-water interface must be properly characterized. New technologies will greatly improve our ability
to directly observe these processes [Weiss et al., 2013]. Such direct observations are needed to independent-
ly estimate particle deposition and resuspension rates, which currently are inferred from water column
observations. Second, future experimental and ﬁeld studies must target process interactions over yet-
unexplored scale ranges. For instance, our mm-to-cm scale observations of a bioﬁlm-retention feedback
must be tested at larger scales where bioﬁlm spatial patterns are observed (1–100 m), since small-scale bio-
physical interactions can control spatial organization at larger scales [Nikora et al., 1998; Coco et al., 2006;
Murray et al., 2008; Larsen and Harvey, 2010; Meire et al., 2014]. Long-term studies will also provide clues for
how particle ﬂuxes and interactions vary across seasonal cycles and episodic events that, for example, could
result in nonstationarity of the power-law RTDs identiﬁed in our study. Lastly, new process models (e.g., sto-
chastic transport) must be developed to accommodate the hierarchy of scales and processes that inﬂuence
ﬂuvial ecosystem function [Nikora, 2010; Boano et al., 2014; Marion et al., 2014]. Such a framework is
required to properly relate laboratory observations (e.g., mm-scale ﬂow-bioﬁlm interactions) to those for
the entire ﬂuvial network (e.g., time history of high ﬂow events). These models will provide a tool to explore
scale interdependencies that currently cannot be observed, either experimentally or in the ﬁeld, and predict
how longer-term shifts in land use and climate may alter overall ﬁne particle ﬂuxes in streams [Battin et al.,
2009; Quinton et al., 2010; Tank et al., 2010; Pizzuto et al., 2014].
5. Conclusions
These experiments show that particles are retained in benthic bioﬁlms across a wide range of timescales
(seconds to months). Application of a stochastic mobile-immobile model indicates that ﬁne particle
retention probabilities in bioﬁlm-covered streambeds follow a heavy-tailed power-law distribution
(u tð Þ  t2 11bð Þ; 0 < b < 1). Particle retention, parameterized by b, was enhanced by increases in mean
bioﬁlm height, bioﬁlm roughness, and streambed coverage. These correlations suggest that retention is
controlled by bioﬁlm structure, and that bioﬁlm structural parameters should be incorporated into upscaled
models for ﬁne particle retention in streams and rivers. However, no bioﬁlm structural parameters were cor-
related with ﬁne particle deposition rate. Deﬁnitive conclusions of deposition-structure interactions require
improved experimental capability that can resolve discrete particle deposition and resuspension events at
the scales of turbulence. Our results direct future experimental efforts to ﬁner scales (1–100 mm) to elucidate
the relative importance of microscale physical structure, surface chemistry, and bioﬁlm matrix composition
to overall particle deposition and retention. They also call for a multiscale approach to modeling ﬂuvial
transport of ﬁne particles, since the process interactions inﬂuencing particle retention may be active at dif-
ferent spatial and temporal scales from those inﬂuencing deposition.
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